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WC have exploited the transient expression of foreign Bcncs introduced into plant protoplasts to investigate the e&et of the pea seedborne mosaic 
potyvirus (PSbMV) 5’ untranslated region (S’UTR) on the level of gene expression in Pea and tobacco protoplasts, The plant viral 5’UTRs were 
found to increase translation significantly in comparison to a plasmid containing no S’UTR of viral origin. The enhancement effect of the 5’UTRs 
of PSbMV and tobacco etch potyvirus (TEV) was found to be similar in pea and tobacco protoplasts, indicating a host-independent role of the 
potyviral5’UTRs in enhancing ene expression. Translational enhancement ofthe two potyviral S’UTRs was similar to that of the S’UTR of tobacco 
mosaic virus (TMV). This observation makes it attractive to USC potyviral 5’UTRs as general translational enhancers in future genetic transfomta- 
tions of plants, 
Pea seedborne mosaic potyvirus (PSbMV); Transient expression; 5’ untranslated region; Nicoriuno tubocurn; Pisum sutiuum 
1. INTRODUCTION 
Plant viral 5’ untranslated regions (S’UTRs) have 
been shown to enhance translation in plant cells [l-3]. 
One of the most efficient 5’UTRs investigated erives 
from tobacco mosaic virus (TMV). This SUTR consists 
of 68 nucleotides and enhances translation in funda- 
mentally different environments including in vitro mes- 
senger-dependent extracts derived from E. colt’, wheat 
germ and rabbit reticulocyte lysates, and in vivo in to- 
bacco protoplasts and Xenopus laeuis oocytes [2]. The 
TMV S’UTR has a high content of A+U bases, and the 
predicted absence of stable secondary structures has 
been put forward as an explanation of the general en- 
hancement effect [4]. 
In contrast to TMV RNA and most eukaryotic 
mRNAs, RNA molecules from poty- and picor- 
naviruses lack a cap structure at l-heir 5’ end which is 
believed to direct the entry of ribosomal subunits [S]. 
Internal entry of ribosomes has been suggested to take 
place in the animal picornaviruses to circumvent the 
need for a cap [6,7]. Similarly it was found that a S’UTR 
from tobacco etch potyvirus (TEV) enhances transla- 
tion in vitro independently of a cap structure [I]. 
We are working on coat protein-mediated resistance 
in pea against pea seedborne mosaic virus (PSbMV) and 
are interested in the ability of the PSbMV SUTR (143 
nucleotides in size) to enhance translation in pea. A 
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direct comparison of the relative fficiencies of different 
plant viral S’UTRs in different host plants has not pre- 
viously been done. In order to test for such possible 
plant species pecificities of the S’UTRs we have com- 
pared the effect of the PSbMV SUTR in protoplasts 
from pea and tobacco (host and non-host to PSbMV, 
respectively) with the effect of the S’UTRs from TEV 
and TMV (both of which are infectious to tobacco but 
not to pea) on translation of the fused downstream 
reporter gene/%glucuronidase (GUS). This is also a test 
for the correlation between the host range of plant vi- 
ruses and the effect on translation of the viral SUTR 
in the respective plant species. 
2. MATERIALS AND METHODS 
2.1. P/ant n~otcrial 
3-week-old pea (Pisunt satirunl L. cv. ‘Fjord’) plants grown in a 
greenhouse and sterile tobacco plants (~icoriu~~u rubucwn L. cv. 
Samsun) were grown in darkness 3days prior to yrotoplast isolation, 
2.2. DNA constructions 
The SUTR of PSbMV was cloned in pPS5 and pPS29 as described 
earlier [S]. The S’UTR was assembled by opening pPS5 with SpAI and 
Sped and inserting the SpkYSpcl fragment of pPS29 to create pPSLI. 
pPSLl was used as a template for introduction of an Ncol site at the 
AUG start codon using PCR and a 5’ add-on primer as described by 
Higuchi [9!. The primers used were the T7 primer which primes in the 
vector pGEM3Z next to the 5’ terminus of PSbMVs S’UTR. and the 
5’ add-on primer (O-AGGATCCATGGTITGATGAGCTTG- 
TTAC-3’) which primes just 5’ to the AU6 start codon of PSbMV. 
The 5’ add-on primer contains an AUG start codon within the Ncol 
site (underlined) The PCR product oonlrins two c’s ii~9XRd between 
the PSbMV S’UTR and the AUG start codon. as compared to the 
authentic PSbMV RNA. 
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The transient expression vector pAGUS- [IO] was digested with 
DumHl, blunt-ended by treatment with mung bean nucleasc, and, after 
phenol extraction, digested with Ncol, The S’UTR of PSbMV was 
inserted into the vector fragment leading to pAGUS-PS (Fig. 1). This 
vector contains the authentic PSbMV S’UTR cxccpt for the translu- 
tion initiation site, where two C nucleotides have been inseried by PCR 
mutagenesis to create an Ncol site, The plasmid pAGUS-PSS3. con- 
taining half of the PSbMV 5’UTR (nucleotides I-831, was created by 
digesting pAGlJS.PS with spr1 and Ncol, blunt-ending the restriction 
sites with Klenow enzyme and rc-ligation of the vector (Fig. I). 
pAGUS-TEV was constructed by digesting pRTL2dG [I]. a vector 
harbouting the TEV S’UTR, with EcoRI followed by treatment with 
mung bean nuclense. After phenol extraction the DNA was digested 
with iVco1. The TEV S’UTR fragment was isolated and ligated into 
the pAGUS. vector fragment leading to pAGUS-TEV, containing 
the authentic TEV S’UTR except that two C nucleotides were inserted 
at the translation initiation site and that the S’UTR contains an extra 
C nucleotide at its 5’ end (Fig, 1). Except for the creation of an Ncol 
site at the translation initiation site of pAGUS-TN2 the S’UTR of this 
vector is identical to the S’UTR of TMV strain UI [IO] (Fig. I). 
Plasmid DNA was inlroduced into E. roli using the method of Ha- 
nahan [I I]. All vector constructions were checked by sequencing the 
relevant regions using the Sequenase vcr. 2.0 kit (United States Bio- 
chemicals, USA). 
2.3. Proroplasr isobrion 
Pea mesophyll protoplasts were isolated essentially according to 
Glimelius [12]. Tobacco mesophyll protoplasts were prepared as the 
pea prototoplasts except that the enzyme solution was diluted with 0.5 
vol. CPWBM containing 9% w/v mannitol [IJ], 
2.4. Polyerlyiew glycohnediured transfortnnrion oJproroplasrs 
The protocol for PEG-mediated transformation of proloplasts was 
essentially as described by Negrutiu et al. [l4]. 
2.5. GUS assay und proreh dcterr~~hatiatr 
GUS assays were prformcd as described by Jefferson [151. Protein 
content in each extract was measured using the protein assay kit from 
Bio-Rad Laboratories (Richmond, CA) with bovine serum albumin 
as standard, 
The ‘Sequence Analysis Software Package’ of the Genetics Corn- 
puler Group, University of Wisconsin, was used. RNA secondary 
structure was analysed using the FOLD programme of Zuker and 
Stirgler 1161. 
3. RESULTS 
pAG US- 1 [ 101 is a derivative of pBI 221 [ 151 in which 
the CaMV 35s promoter egion -390 to -90 wzs dupli- 
cated to create a stronger promoter (CaMV35Se, Fig. 
1). A duplication of CaMV 35s promoter sequences has 
previously been reported to cause significantly in- 
creased levels of transcription [17]. Furthermore, the 
sequence surrounding the translation initiation site has 
been changed From C’l’T~T to ACCATGG in order 
to create an optimal context for initiation of translation 
[18]. Surprisingly our investigations how that there is 
no significant difference in GUS expression between 
pJ31 221 and pAGUS- (data not shown) even though 
two putative improvements have been carried out in 
pAGUS- compared to pB1 221. Our data are sup- 
ported by Skuzeski et al. [lo] who observed only a small 
increase in GUS expression for pAGUS- compared to 
pB1 221 in tobacco protoplasts. 
The transcription initiation site in pAGUS- starts at 
the G residue located 12 nucleotides upstream of the 
initiator codon AUG [lO,iGj. Assuming that only up- 
stream sequences determine the transcription initiation 
site this means that the 5’ end of the transcripts from the 
transient gene expression vectors, pAGUS-PS and 
pAGUS-TN2, are identical to the 5’UTRs of PSbMV 
and TMV strain Ul, respectively, while the transcripts 
pAaus.1 
I r, 
GAGGATCCGTCGACCATGGTAAQCTTAGCGGGCCCCGT@ 
I 
I 7 
pAQUS_ 1 
PSbMV S’UTR ACCEG pAQlJS.PS 
CAA TEV B’UTR GCCATG pAQUS-TEV - 
QTA TMV S’UTR ACCATQ pAGUS-TN2 
AAA PSbMV WTR (nl l-83)- AGCATG pAGUS-PSB3 - 
Fig. 1. pAGUS-J and derived DNA constructs harbouring plant viral 5’UTRs. Only sequences surrounding transcription and translation initiation 
sites arc shown. Bases printed in bold are of viral origin. The arrow indicates the transcriptional start site. The ATG start codon is underlined. 
The boxed CGT codon corresponds to codon 3 in wild-type GUS. For details see text. Partly from Skuzcski [IO]. 
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synthesized from pAGUS-TEV contain an extra C nu 
cleotide at its 5’ end which is not of viral origin. 
The influence of the various S’UTR constructs on 
GUS expression in tobacco and pea protoplasts is 
shown in Fig. 2. Each figure represents 3 individual 
experiments and each bar represents the average ofdou- 
ble determinations. As can be seen from Fig. 2 the viral 
S’UTRs enhance GUS expression relative to pAGUS- 
in all cases. The three plasmids pAGUS-PS, pAGUS- 
TN2 and pAGUS-TEV enhance GUS expression ap- 
proximately 10 times compared to pAGUS-1, and this 
activity enhancement is observed both in pea and to- 
bacco protoplasts. 
pAGUS-PS83, which contains only the first 83 nucle- 
otides of the authentic 143 nucleotide S’UTR sequence 
of PSbMV, is the most efficiently expressed construct in 
both protoplast systems with a level of expression al- 
most twice as high as for any of the other plant viral 
constructs (Fig. 2). 
4. DISCUSSION 
A major aim of this work was to determine whether 
there is a correlation between the ability of plant viral 
SUTRs to enhance translation in different plant species 
and the host range of the respective plant virus, or 
whether plant viral 5’UTRs can be used as general en- 
hancer elements. We chose pea and tobacco proto- 
plasts, as pea is a host for PSbMV but not for TMV or 
TEV [20,21], whereas tobacco is a host for TMV and 
TEV bu: not for PSbMV [22]. As can be seen from Fig. 
2 the GUS expression pattern of the various DNA con- 
structs is similar in pea and tobacco protoplasts, indi- 
cating that translation of the plant viral 5’UTRs does 
not play a major role in determining the host range of 
viruses in pea and tobacco, and hence, the plant viral 
5’UTRs can be exploited as general enhancers of trans- 
lation. These results corroborate the observation that 
host range is often determined at the level of cell-to-cell 
movement and is not solely manifested at the !cvel of 
viral replication [23,24]. 
Interestingly Gallie et al. [2] reported that the turnip 
yellow mosaic tyrnovirus (TYMV) S’UTR did not en- 
hance translation in tobacco protoplasts. This failure to 
enhance translation could not be correlated to extensive 
secondary structure or other factors believed to influ- 
ence translation. On that basis, it was suggested that the 
TYMV S’UTR is very host dependent in its ability to 
enhance translation. This hypothesis needs, however, to 
be experimentally confirmed as protoplasts from other 
species, especially turnip, were not included in their 
investigations. 
In pAGUS-PS83 only the first 83 bases of the PSbMV 
S?JTR are present. This tzzcation caused a doubling 
in translational efficiency compared to the authentic 
PSbMV S’UTR (Fig. 2). This indicates that length of the 
S’UTR is not the sole determinant of translational en- 
Pea protoplasts 
Tobacco protoplasts 
Fig. 2. The ekct on GUS activity of various plant viral S’UTRs in 
pea and tobacco protoplasts. The three types of bars represent three 
individual experiments. Each bar represents the average of double 
determinations. See text for details on plant viral S’LITR plasmid 
constructs. 
hancement. Furthermore Sleat et al. [4] showed that a 
non-viral S’UTR of approximately the same length as 
the TMV S’UTR did not enhance translation signifi- 
cantly in comparison with the TMV S’UTR. The ab- 
sence of secondary structure has been suggested to play 
a major role in determining the ability of mRNA 
5’UTRs to enhance translation [3]. This may be put 
forward as an explanation of why the shortening of the 
PSbMV S’UTR caused an enhancement of translation 
compared to the authentic PSbMV SUTR. A stem and 
loop structure predicted by computer analysis of the 
first 200 bases in the PSbMV genome was disrupted in 
pAGUS-PS83. 
The enhancement of GUS expression caused by the 
viral 5’UTRs could theoretically be due to an increase 
in transcription efficiency, as well as an increase in 
translation efficiency. However, previous investigations 
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using mRNA transcripts, with or without viral SUTRs, 
introduced directly into protoplasts have indicated that 
the enhancement effect is engendered at the level of 
translation [1,2]. 
The SUTRs of the two potyviruses, PSbMV and 
TEV, were found to enhance GUS activity to a similar 
level as the S’UTR of TMV in the two protoplast sys- 
tems analyzed in this study. In contrast o TMV RNA, 
potyviral RNA molecules lack a cap structure at their 
5’ end. Instead the 5’ end of potyviral RNA is linked to 
a virus-encoded protein, VPg. Enhancement of transla- 
tion by the TEV S’UTR has been found in vitro to be 
cap independent [ 11. Thus, the possibility exists that the 
enhancement of translation observed for the two types 
of viral 5’UTRs is caused by different translational 
mechanisms. 
We have cloned and characterized a translational en- 
hancer from PSbMV. Together with the TEV S’UTR we 
demonstrated it to be functional in a plant outside 
PSbMV and TEV’s hostrange. We thus suspect that 
potyviral SUTRs are generally functional as enhancers 
of gene expression in dicots. 
Ackrootoledgcnronrs: We thank Dr. James M. Skuzeski (The University 
of Utah, Salt Lake City, USA) for the plasmids, pAGUS- and 
pAGUSmTN2, and Dr. James C. Carrington (Texas A & M Univer- 
sity, USA) for the plasmid, pRTL2-4G. 
REFERENCES 
[I] Carrington, J.C. and Freed, D.D. (1990) Cap-independent of 
translation by a plant potyvirus 5’ nontranslated region. J. Viral. 
64, 1590-1597, 
[2] Gallie, D.R., Sleat. D.E., Watts, J.W., Turner, PC. and Wilson, 
[31 
[41 
151 
I61 
T.M.A. (1987) The 5’.leader sequence of tobacco mosaic virus 
RNA enhances the expression of foreign gene transcripts in vitro 
and in vivo. Nucl. Acids Rcs. 15, 3257-3273. 
Jobling, S.A. and Gchrke, L. (1987) Enhanced translation of 
chimacric messenger RNA containing a plant viral untranslated 
leader sequence. Nature 325.622-625. 
Sleat, D.E., Hull, R., Turner, P.C. and Wilson, T.M.A. (1988) 
Studies on the mechanism of translational enhancement by the 
5’.leader sequence of tobacco mosaic virus RNA. Eur, J. Bio- 
them. 175.75-86. 
Rhoads, R.E. (19S8) Cap recognition and the entry of mRNA 
into the protein synthesis initiation cycle. TIBS 13, 52-56. 
JanB. S.K., Krtlusslich, H., Nicklin, M.J.H.. Duke, GM.. 
Palmenb-erg, AC, and Wimmer, E. (1988) A segment of the 5’ 
nontranslated rcg; >n of enccphalomyocarditis virus RNA directs 
internal entry of ribosomcs during in vitro translation. J. Virol. 
62.26362643. 
[7] Pelletier. J. and Sonenberg, N. (1985) Insertion mutagenesis to 
increase secondary structure with the 5’ noncoding region of a 
eucaryotic mRNA reduces translational efficiency. Cell 40, 515 
526. 
[8] Johansen, E., Rasmussen, O.F., Heide, M. and Borkhardt, B. 
(1991) The complete nucleotidc sequence of pea seed-borne mom 
saic virus RNA. J, Gen. Viral. 72. 2G25-2632. 
[9] Higuchi, R. (1989) UsinB PCR to engineer DNA, In: PCR Tech- 
nology: Principles and applications for DNA amplification (Ehr- 
lich. H.A. cd.) Stockton Press. New York. 
[IO] Skuzeski. J.M.. Nichols, L.M, and Gesteland, R.F. (1990) Anal. 
ysis of leaky viral translation termination codons in vivo by tran- 
11 II 
1121 
1131 
iI41 
sicnt expression of improvedp-glucuronidase v ctors. Plant Mol. 
Biol. 15. 65-79, 
Hanahai, D. (1985) Techniques for transmission of E. cdl. In: 
DNA Cloning, Vol. 1 (Glover D. ed.) pp. 109-135. IRL Press, 
Oxford. 
Glimelius, K. (1984) High growth rate and regeneration capacity 
of hypocotyl protoplasts in some Brassicaceae. Physiol. Plant. 61, 
38-44. 
Frearson, E.M.. Power, J.B. and Cocking, EC. (1973) The isola- 
tion, culture and regeneration of Pc~urri leaf protoplasts. Dev. 
Biol, 33, 130-137. 
Ncgrutiu, I., Shillito, R., Potrykus, I., Biasini, G. and Sala, F. 
(1987) Hybrid genes in the analysis of transformation conditions. 
1. Setting up a simple method for direct gene transfer in plant 
protoplasts. Plant Mol. Biol. 8, 363-373. 
[I51 Jefferson, R,A, (1987) Assaying chimeric genes in Plants: The 
GUS gene fusion system, Plant Mel, Biol. Rep. 5, 387305. 
[I63 Zuker, S.M, and Stiegler, P, (1981) Optimal computer folding of 
large RNA sequences using thermodynamics and auxilary infor- 
mation. Nucl. Acids Res. 9, 133-148. 
[17] Kay, R., Chan, A., Daly, M. and McPherson, J. (1987) Duplica- 
tion of CaMV 35s promoter sequences creates a strong enhancer 
for plant genes. Science 236, 1299-1302. 
[ 181 Kotak, M. (1986) Point mutations define a sequence flanking the 
AUG initiator codon that modulates translation by eukaryotic 
ribosomes. Cell 44, 283-292. 
[19] Guillcy, H., Dudley, R.K,. Jonard, G., BalBu, E. and Richards, 
K,E. (1982) Transcription of cauliflower mosaic virus DNA: De- 
tection of promoter sequences, and characterization of tran- 
scripts. Cell 30, 763.-773. 
[20] Aapola. A.A., Knesek, J.E. and Mink, G.I. (1974) The influence 
of inoculation procedure on the host range of pea seed-borne 
mosaic virus, Phytopath, 64, 1003-1006, 
ill] Holmes, F.O. (1946) Tobacco-etch and tobacco-mosaic viruses. 
Phytopath. 36, 643-659. 
[22] Cheo. PC. and Gerard, J.S. (1971) Differences in virusmreplicat- 
iny capacity among plant species inoculated with tobacco mosaic 
virus. Phytopath. 61, 1010-1012. 
[23] Gibb, KS., Hellmann, G.M. and Phone, T.P. (1989) Nature of 
resistance of a tobacco cultivar to tobacco vein mottling virus. 
Mol. Plant-Microbe Interact. 2, 332-339. 
[24] Sulriuski, M.A. and Zaitlin, M. (1982) Tobacco mosaic virus 
replication in resistant and susceptible plants: in some resistant 
species virus is confined to a small number of initially infected 
cells. Virology 121, 12-19. 
172 
